This study assessed the association between secondgeneration antipsychotic medications and risk of pneumonia requiring hospitalization in patients with schizophrenia because the evidence is limited in the population. We enrolled a nationwide cohort of 33 024 inpatients with schizophrenia ranged in age from 18 to 65 years, who were derived from the National Health Insurance Research Database in Taiwan from 2000 to 2008. Cases (n 5 1741) were defined as patients who developed pneumonia after their first psychiatric admissions. Risk set sampling was used to match each case with 4 controls by age, sex, and the year of the first admission based on nested case-control study. Antipsychotic exposure was categorized by type, duration, and daily dose, and the association between exposure and pneumonia was assessed using conditional logistic regression. We found that current use of clozapine (adjusted risk ratio 5 3.18, 95% CI: 2.62-3.86, P < .001) was associated with a dosedependent increase in the risk. Although quetiapine, olanzapine, zotepine, and risperidone were associated with increased risk, there was no clear dose-dependent relationship. Amisulpride was associated with a low risk of pneumonia. The use of clozapine combined with another drug (olanzapine, quetiapine, zotepine, risperidone, or amisulpride), as assessed separately, was associated with increased risk for pneumonia. In addition, with the exception of amisulpride, each drug was associated with increased risk for pneumonia at the beginning of treatment. Clinicians who prescribe clozapine to patients with schizophrenia should closely monitor them for pneumonia, particularly at the start of therapy and when clozapine is combined with other antipsychotics.
Introduction
Second-generation antipsychotics introduced in the early 1990s were initially associated with superior quality of life, better tolerability, and lower risk of relapse than first-generation antipsychotics. [1] [2] [3] Subsequent studies questioned the clinical superiority of second-generation antipsychotics, 4, 5 and currently, there is widespread concern about the adverse effects associated with these medications. 5 In particular, several of the second-generation antipsychotics have been shown to be more likely to cause weight gain and metabolic syndrome than first-generation antipsychotics, despite having fewer extrapyramidal effects. [6] [7] [8] In addition, second-generation antipsychotics sometimes cause serious side effects, including pneumonia. 9, 10 In 2005, the US Food and Drug Administration (FDA) issued a warning against the use of secondgeneration antipsychotics for the treatment of elderly patients with behavioral disturbances because use of those agents was associated with increased mortality. 11 In the FDA report, the specific causes of death were either due to heart-related events or infections (mostly pneumonia). In 2008, the FDA further requested that boxed warnings be placed on the packaging of first-generation antipsychotics stating that older people with dementia who take these drugs are at increased risk of death. 12 Several studies have evaluated the association between the antipsychotics and risk of developing pneumonia in elderly populations. Two studies conducted in the Netherlands 9, 10 reported that the use of first-generation antipsychotics and the use of second-generation antipsychotics in elderly patients were both associated with increased risk for pneumonia. A study conducted in the United States 13 reported that use of first-generation 
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antipsychotics but not use of second-generation antipsychotics was associated with an increased risk of inhospital mortality in acutely ill pneumonia patients. The marked increase in use of second-generation antipsychotics worldwide has resulted in a sharp rise in the number of safety alerts issued by international regulatory agencies in the last decade. 14, 15 Although the association between second-generation antipsychotics and pneumonia had been reported in studies of elderly populations, 9 ,10 studies of schizophrenic populations were limited by small size or being case reports. 16, 17 One exception is a recent UK study 18 that established outcomes for 529 consecutive patients with schizophrenia who received clozapine. The authors found that death in 5 of the 21 patients was due to pneumonia. Schizophrenic patients with pneumonia deserve intensive clinical attention due to their poor clinical outcomes, 19 with greater risks of intensive care unit admission, acute respiratory failure, and necessity of mechanical ventilation. Pneumonia is an illness in which hospitalization is potentially avoidable. 20 As a basis for prevention efforts, further studies were required for improving the quality of care of such patients.
Previous studies 9, 10 proposed that the possible mechanisms that mediate the association between pneumonia and antipsychotics are based on the affinities of said drugs for neurotransmitter receptors, particularly the histaminergic-1 (H1) receptor and the muscarinic-1 (M1) receptor. We hypothesized that second-generation antipsychotics with high affinity for the H1 receptor or anticholinergic action, such as clozapine, would be associated with increased risk for pneumonia. This study conducted a nested case-control study in a large cohort with schizophrenia derived from a nationwide dataset in Taiwan. The objective was to explore various dimensions of the associations between each second-generation antipsychotic drug and the risk of pneumonia.
Methods

Study Subjects
Details of the data source were described elsewhere 21, 22 and briefly summarized here. Taiwan introduced a singlepayer National Health Insurance program on March 1, 1995, 98% of the 23 million Taiwanese population were enrolled. In 1996, the National Health Research Institute in Taiwan established the National Health Insurance Research Database. The database includes medical claim files representative of the entire population in Taiwan. All investigators signed an agreement guaranteeing patient confidentiality before using the database.
We used the Psychiatric Inpatient Medical Claims database, a subset of the National Health Insurance Research Database, comprising a cohort of patients hospitalized for any psychiatric disorder between 1996 and 2008 (n = 187 117). The database included patients with at least one psychiatric inpatient record and one discharge diagnosis of mental illness coded by the International Classification of Diseases, Ninth Revision (ICD-9) codes 290-319. The database includes patients' demographic characteristics, diagnoses, medical expenditures, and prescription claims data. 23 Each prescription record contains the type of medication, dosage, time of prescription, and duration of drug supply. Information that could be used to identify beneficiaries and medical care providers were scrambled by the Bureau of National Health Insurance. 24 We selected patients with at least one psychiatric admission between 2000 and 2008 but no psychiatric admissions between 1996 and 1999 (n = 125 225) (see online supplementary figure 1). The inclusion criteria for the study cohort was that one's diagnosis at each discharge fulfilled the principal diagnosis of schizophrenia (ICD-9 code 295.**) if a patient had several psychiatric admissions. The age of patients at first admission was restricted to 18-65 years. Subsequently, 33 024 patients with schizophrenia as the cohort was included, and all of their medical records during 1996 and 2008 were retrieved.
Case and Control Definition
Using the patients with pneumonia requiring hospitalization after first psychiatric admission as cases (n = 1741), we conducted a nested case-control study derived from the cohort. Pneumonia was defined as the primary or any-listed discharge diagnosis with ICD-9 codes 480-486 and 507. In this study, all types of pneumonia were included because subcategorization of pneumonia is not always recorded properly, and the criterion was adopted in a prior study. 9 The date of hospitalization for pneumonia was defined as the index date. Each case was matched by sex, age (65 y), and the year of the first psychiatric admission to 4 controls or fewer (ie, no hospitalization for pneumonia) who had been randomly selected from the cohort by risk set sampling. Controls were assigned the same index date as their corresponding case. The corresponding index date was later than the first psychiatric admission in each control. In addition, each control had at least one claim record after the corresponding index date to confirm that patients were covered by the National Health Insurance program.
Cases that were identified later during the follow-up were eligible to serve as controls for earlier cases. During the study period, 281 subjects were first selected as controls and later became cases, while another 922 controls were selected more than twice for the analysis. Finally, this study included a total of 1739 case-control pairs (ie, 1739 cases and 6949 controls) due to unavailability of controls for 2 cases.
Measurement of Exposure
We obtained data on antipsychotic drug use from prescription files and calculated the duration of treatment on the basis of the dispensed number of units and the dosing regimen for each patient. As reported in a previous study, 10 we defined the use of a single antipsychotic drug as ''current'' if the prescription duration covered the index date or ended at most 30 days before the index date. Drug use was categorized as ''recent'' if usage ended 31-180 days before the index date and was catagorized as ''past'' if the last prescription ended more than 180 days before the index date.
Second-generation antipsychotics used in this study comprised clozapine, olanzapine, quetiapine, zotepine, risperidone, amisulpride, ziprasidone, aripiprazole, and paliperidone. However, ziprasidone, aripiprazole, and paliperidone, which were marketed in Taiwan in 2002, 2004 , and 2007, respectively, were not included in the analysis of individual drug use because the proportion of current users was low (less than 1.2% for each).
First-generation antipsychotics comprised chlorpromazine, levomepromazine, fluphenazine, perphenazine, trifluoperazine, thioridazine, pipotiazine, haloperidol, moperone, flupentixol, clopenthixol, chlorprothixene, pimozide, loxapine, sulpiride, clotiapine, and penfluridol. This study focused on the associations between the individual second-generation antipsychotic drug and the risk of pneumonia; thus we grouped all first-generation antipsychotic drugs into one category.
We studied the risk of developing pneumonia for each second-generation antipsychotic drug separately by duration and daily dose within 30 days before the index date. Those who were noncurrent users for a specified drug contributed zero duration and daily dose of the drug within 30 days before the index date. Drugs were classified according to the Anatomical Therapeutic Chemical (ATC) classification system. 25 The daily dose was based on the international standard defined daily dose (ATC/DDD Index 2009. http://www.whocc.no/ atc_ddd_index/ [accessed May 1, 2009] ). For example, 300 mg of clozapine was equivalent to one DDD. Duration of antipsychotic treatment was calculated based on the purchased DDD. 26 We estimated the effect of continuous antipsychotic exposure on pneumonia onset risk. In current users, the number of days of antipsychotic exposure beginning with the prescribing date most proximal to the index date were added together; 30 days between 2 prescriptions was considered a treatment gap and previous exposures were not cumulated.
Covariates
Age and gender were controlled by the matching process of the study design. Covariates for adjustment comprised Charlson comorbidity score at first psychiatric admission and number of psychiatric admissions, physical illnesses, and concomitant medications prescribed within 180 days before the index date. We assessed general health status using the Charlson comorbidity index, which is the sum of the weighted scores of 31 comorbid conditions. 27 The index is widely used to control for confounding variables in epidemiological studies. 28 
Statistical Analysis
The crude incidence of subsequent pneumonia was calculated as the number of incident cases divided by the contributed person-years for each individual in the cohort. Group comparisons between cases and controls were performed using univariate conditional logistic regressions initially. Covariates with reasonable associations with pneumonia (P < .1) were then entered into the final adjusted models. Multivariate regression was used to estimate the effect of individual antipsychotic drug (past, recent, and current use) on the risk of pneumonia. Another multivariate regression model was used to estimate the associations between pneumonia and the daily dose and duration of drug use within 30 days before the index date, respectively. Multivariate models were conducting using SAS software, version 9.2 (SAS Institutes Inc., Cary, NC). A P value of .01 was considered significant.
Sensitivity Analysis
The assignment of an antipsychotic drug for the study subjects was not randomized because of the nonexperimental design of this study. The assignment could be, therefore, determined based on the presence of comorbid physical illnesses and concomitant medications (table 1) . Propensity score methods, as formalized by Rosenbaum and Rubin, 29 are standard techniques for controlling confounding variables in nonexperimental studies. 30 We conducted a propensity score-adjusted regression as a sensitivity analysis to examine how the covariates might influence our estimates of the associations between each antipsychotic drug and pneumonia. Further details are provided in the online supplementary table 2.
To estimate how the potential misclassification between subcategories of pneumonia influence the findings of this study, we conducted subgroup analyses by restricting the outcomes to pneumonia, organism unspecificed (ICD-9 code 485.**), and bronchopneumonia, organism unspecified (ICD-9 code 486.**), respectively, the subcategories that comprise the largest (n = 1132) and second largest (n = 149) parts of total pneumonia cases in this study.
Results
The incidence of pneumonia requiring hospitalization was 1.12 cases per 100 person-years (95% CI: 1.07-1.18, based on Poisson distribution).
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Comorbid Physical Illnesses and Concomitant Medications
The characteristics of patients with pneumonia and controls are shown in table 1. Case subjects had higher Charlson comorbidity scores at the first psychiatric admission than controls. In addition, case subjects had a greater number of physical illnesses and concomitant medications 180 days before the index date than controls.
Temporal Relationship
Nearly all of the patients in both groups had received at least one first-generation antipsychotic drug (table 2) . After adjustment for covariates (all variables in table 1, except for gender and age), there was no significant difference in the risk of developing pneumonia between nonusers and current, recent, and past users.
As for second-generation antipsychotics, adjusted analysis showed that current use of any second-generation antipsychotic drug was significantly associated with pneumonia (adjusted risk ratio = 1.69, P < .001) and that recent and past use of the drugs were not associated with pneumonia. Adjusted models showed that current use of clozapine was associated with the highest risk of pneumonia, followed by current use of olanzapine, quetiapine, zotepine, and risperidone. Amisulpride was not associated with pneumonia.
Dose-Dependent Relationship
After adjusting for covariates, the analysis revealed that case subjects with pneumonia had significantly longer durations of clozapine use within 30 days before the index date than control patients (see the supplementary table 1). a Estimated using univariate conditional logistic regression, **P < .001. b Based on ICD-9 code, including presenile dementia with delirium, senile dementia with delirium, arteriosclerotic dementia with delirium, alcohol withdrawal delirium, drug-induced delirium, acute delirium, subacute delirium. c Based on Anatomical Therapeutic Chemical code, including nasal preparations, throat preparations, drugs for obstructive airway diseases, cough and cold preparations, antihistamines for systemic use, other respiratory system products.
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As for the cumulative DDD, only clozapine showed an increased risk for pneumonia.
Single-and Polypharmacy in Association With Pneumonia
We classified the polypharmacy of antipsychotics (ie, several antipsychotic medications) used within 30 days before the index date. Polypharmacy was classified into 4 subgroups: single drug, combined use with clozapine, combined use with nonclozapine antipsychotics (including second-generation and first-generation antipsychotics), and noncurrent use (reference group) (table 3) . Current users of clozapine alone were 2 times more likely to develop pneumonia than patients who did not currently use clozapine (adjusted risk ratio = 2.05, P < .001). Current use of other drugs was not associated with pneumonia. In addition, use of clozapine combined with olanzapine, quetiapine, zotepine, risperidone, or amisulpride was also associated with greater risk of developing pneumonia. Nearly all combinations with nonclozapine antipsychotics showed increased risks for pneumonia, except for the combinations with amisulpride or zotepine. 
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Cumulative Days of Continuous Treatment in Association With Pneumonia
Among current users, the median durations (days) of continuous treatment for clozapine, olanzapine, quetiapine, zotepine, risperidone, and amisulpride were 106, 38, 61.5, 41.5, 59.5, and 47 in the case patients, which were shorter than those in the controls (413, 169, 136.5, 124.0, 161.0, and 98.0). Figure 1 shows the association between cumulative days of continuous antipsychotic treatment and risk of pneumonia. All of the drugs with the exception of amisulpride were significantly associated with increased risk of pneumonia in the first 30 days of use, and clozapine was associated with the highest risk (adjusted risk ratio = 9.57, P < .001). With longer use of antipsychotics, the risk of pneumonia decreased, except for clozapine. Significantly increased risk of pneumonia remained for patients receiving treatment with clozapine for more than 31 days.
Sensitivity Analysis
The sensitivity analysis, which controlled for the confounding effect of assignment of individual antipsychotic drugs based on propensity scores, revealed no substantial difference in the association between individual drugs and pneumonia (see online supplementary table 2). For example, compared with patients who did not currently use clozapine, the adjusted risk ratios for current users of clozapine were 3.09 (95% CI: 2.55-3.74, P < .001) in the multivariateadjusted model and 3.14 (95% CI: 2.59-3.80, P < .001) in the propensity score-adjusted model. Furthermore, subgroup analyses showed that current use of clozapine was associated with risk of developing pneumonia, organism unspecified (adjusted risk ratio, 3.43; 95% CI: 2.69-4.36; P < .0001) and risk of bronchopneumonia, organism unspecified (adjusted risk ratio, 2.36; 95% CI: 1.21-4.60; P = .0114). Both results were similar to those obtained for the association with total pneumonia cases.
Discussion
To our knowledge, this is the first study to investigate the association between use of second-generation antipsychotics and risk of pneumonia in a nationwide cohort of patients with schizophrenia. The large sample size allowed us to estimate the risk that a single antipsychotic drug would induce pneumonia. In this nested case-control study, we found that the use of secondgeneration antipsychotic drugs was associated with a 69% greater risk (adjusted risk ratio = 1.69) of developing pneumonia, after taking confounding factors into account, and that the magnitude of association was highest for clozapine.
Previous studies have shown that first-generation antipsychotics are significantly associated with pneumonia. 9, 10 In this study, however, we did not find a significant association between first-generation antipsychotics and risk of developing pneumonia requiring hospitalization. The heterogeneity of the drugs may explain, at least in part, the lack of association in our study. Further studies are, therefore, needed to investigate the effect of individual first-generation antipsychotics on the development of pneumonia.
Evidence of the Association in This Study
The major findings of this study are summarized in table 4. The causal relationship between each antipsychotic drug and the risk for pneumonia was determined by investigating whether a temporal relationship existed, whether a dose-dependent relationship existed, and whether the risk of pneumonia existed when the drug was used alone. An antipsychotic drug fulfilling all 3 criteria was taken as strong evidence that the drug was associated with risk for pneumonia; the drug fulfilling 1 or 2 of the 3 criteria was taken as moderate evidence that the drug was associated with the development of pneumonia; and a drug that did not fulfill any of the criteria was taken as inadequate evidence. Accordingly, we found that clozapine was associated with high risk of pneumonia, that olanzapine, quetiapine, zotepine, and risperidone were associated with moderate risk, and that amisulpride was associated with low risk of developing pneumonia.
Clozapine was associated with increased risk of pneumonia when used individually or when used in combination with other antipsychotics. Each of the other antipsychotics was associated with increased risk of pneumonia when used concomitantly with antipsychotic drugs, especially clozapine.
In the present study, we provide robust evidence in support of the causal relationship between clozapine and pneumonia. The relationship between clozapine and pneumonia is indeed complex. Clozapine has the potential to cause agranulocytosis 31 and increases the risk for infection. 32 Based on neurotransmitter receptor affinities (see online supplementary table 3), the affinity of clozapine for muscarinic-1 receptors (M1) was remarkably high, olanzapine, quetiapine, and zotepine showed moderate affinity, and risperidone and amisulpride had minimal affinity for those receptors. In this study, current use of clozapine had the highest adjusted risk ratio for pneumonia (3.18) , followed by olanzapine (1.83), quetiapine (1.63), zotepine (1.48), risperidone (1.32), and amisulpride (1.14), findings that are compatible with those from the affinity analysis, indicating a clear association between the risk of pneumonia and a given drug's affinity for muscarinic-1 receptors. In addition, the affinity for histaminergic-1 (H1) receptors was similar. Three drugs (clozapine, olanzapine, and quetiapine) with high affinity for histaminergic-1 receptors had the highest risk ratios (>1.5), followed by zotepine (moderate affinity), risperidone, and amisulpride (minimal affinity). The findings provided some association between pneumonia and histaminergic-1 receptors. Affinities for histaminergic-1 and muscarinic-1, therefore, are the most plausible explanations for the association between a given antipsychotic medication and the risk for pneumonia. Our findings are similar to those reported previously. 9, 10 In addition, the anticholinergic effect of antipsychotic drugs with muscarinic-1 action has been shown to contribute to aspiration pneumonia through dryness of mouth and esophageal dilatation and hypomotility. 33 Sedation 34 as a result of histaminergic-1-receptor blocking in the central nervous system might also facilitate aspiration pneumonia.
In this study, we found that many of the patients, especially those in the case-subject group, took anti-Parkinson drugs. A possible explanation was provided in our prior study, 14 which indicated that although the risk of extrapyramidal syndrome is lower among patients who take second-generation antipsychotics than in patients who take first-generation antipsychotics, the considerably high rate of extrapyramidal syndrome in patients who take some of second-generation antipsychotics (such as risperidone) warrants clinical attention. The higher rate of use in case subjects than in controls indicates the potential association between anti-Parkinson drugs and pneumonia.
Use of Combined Antipsychotic Drugs
One of the major findings in this study was the identification that combined use of antipsychotic drug(s), especially clozapine, was associated with high risk for pneumonia. Our study revealed that drugs used in combination had a synergistic effect, thereby increasing the risk of developing pneumonia. The synergistic effect was particularly striking in patients who took clozapine in combination with another antipsychotic medication. We hypothesized that polypharmacy of antipsychotics could lead to the occupation of more domains of neurotransmitter receptors and thus increase the risk for pneumonia. Further research is needed to clarify the mechanism(s) mediating the synergistic effect of antipsychotic medications on the risk for pneumonia.
High Risk With Short-Term Use
We found that initial treatment with second-generation antipsychotic drugs was associated with high risk for pneumonia. Our results show that, with the exception of amisulpride, all of the tested drugs increased the risk of developing pneumonia at the start of therapy and that the risk decreased over time. Clozapine, however, was associated with high risk for pneumonia even with medium-and long-term use. Clinicians who start patients on clozapine treatment should closely monitor them for clinical symptoms and signs of pneumonia, particularly at the start of therapy, and especially in patients who receive high doses.
Other Possible Mechanisms of Pneumonia
Underlying physical illnesses and severe psychiatric conditions might also be factors contributing to the increased risk of developing pneumonia in patients who take second-generation antipsychotic medications. In this study, we found that case subjects were more likely to have underlying illness (table 1), including cardiovascular disease and diabetes mellitus, than controls. Trifiro et al. 10 reported similar findings. In addition, there was a higher proportion of antihistamines use among case subjects than among controls (36.2% vs 59.2%, P < .001). Antihistamines are a category of respiratory drugs that are used to relieve symptoms of upper respiratory infection. Studies have shown that pneumonia can be followed by upper respiratory infections. 35 Indeed, we found that the incidence of upper respiratory infection was higher in case patients than in controls.
Clozapine is indicated for treatment-resistant schizophrenia. 36, 37 Thus, the severity of schizophrenia might be associated with the development of pneumonia. The only component of the severity in this study was hospitalization. We found that the rate of hospitalization within 180 days before the index date was higher among cases than among controls. Further research is needed to clarify whether the severity of schizophrenia predisposes the patients to pneumonia.
Although amisulpride is primarily recommended for treating both positive and negative symptoms in adults with schizophrenia, there are reports of its use for treating other conditions such as dysthymia. 38, 39 Enrollment criteria used in this study included a principal diagnosis of schizophrenia; therefore, the number of patients with dysthymia was low. The proportions (percentage, %) of comorbid dysthymia within 180 days before the index date between cases and controls were 4.6 and 3.4. The proportions (%) between cases and controls among the current users of clozapine, olanzapine, quetiapine, zotepine, risperidone, and amisulpride were 2.4 and 2.9, 4.0 and 4.1, 6.6, and 6.2, 4.2, and 4.2, 4.1, and 4.0, 8.9 and 3.7, respectively. There were no significant differences in the proportions of comorbid dysthymia between cases and 
Limitations
This study is limited in several ways. First, we were unable to assess adherence to the prescribed medication because drug use data were obtained from claims databases. However, nonadherence would most likely result in nondifferentiated misclassification of exposure, which would lead to underestimation of the actual risk.
Second, a number of potential confounding factors that might affect pneumonia risk, such as body mass index, alcohol use, and malnutrition, were not available in the database. Information on tobacco smoking exposure, a potentially strong confounder for pneumonia, 40 was also unavailable in the study. Residual confounding due to unmeasured covariates is, therefore, possible.
Third, this study did not include the long-acting injectable form of risperidone in the analysis. However, the risk estimates would unlikely change because of the low rate of current use of the injectable form and because there were no significant difference in the proportions of current use between case subjects (21/1739, 1.21%) and controls (69/6949, 0.99%).
Fourth, this study enrolled nonelderly patients with schizophrenia. Therefore, generalizability of the findings to elderly patients with schizophrenia is limited. In addition, a substantial portion of patients with pneumonia in the cohort could not be hospitalized (especially young patients), and the findings, therefore, cannot be generalized to patients with pneumonia not requiring hospitalization. However, the resulting bias, if it exists, would be more likely to cause underestimation of the risk ratios (ie, toward the null) because a small fraction of control patients had pneumonia that did not require hospitalization.
Implications
In conclusion, clozapine treatment was highly associated with pneumonia among patients with schizophrenia. Olanzapine, quetiapine, zotapine, and risperidone were moderately associated with risk for pneumonia, while amisulpride was associated with a low risk of developing pneumonia. Clinicians who start patients on clozapine should closely monitor them for signs of pneumonia, particularly at the start of therapy, and when combined with another antipsychotic drug.
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